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ABSTRACT 
 
Due to the electrical mismatch between the individual 
cells, the actual efficiency of a PV module is always lower 
than the sum of the cells under normal measurement 
conditions. The effect of this electrical mismatch is 
simulated for single junction amorphous silicon PV 
modules as well as micromorph thin film PV modules.  
This paper reports on the design of the realistic parameter 
distribution for the I-V simulation. It shows that due to the 
current mismatch in a double junction solar cell, these 
devices seem to be more significantly affected by similar 
variation in parameters, which would indicate that tighter 
production control is necessary but also that it will be more 
involved to measure these devices with sufficient accuracy. 
It is shown that device mismatch actually results in a lower 
fill factor, which is slightly different to what is seen for 
single cells.  
 
 
INTRODUCTION 
 
Enhancing the efficiency of a solar cell and then that 
of a PV module is the target of intense research and 
development. In recent years, micormorph modules have 
entered the market place but they pose a significant 
complication in determining their accurate power rating. 
While in principle ‘all’ one would need to do is to use a 
perfect AM1.5 solar spectrum and regulate the device’s 
temperature to the required 25
o
C, in reality this is not as 
simple, as this spectrum does not exist. To remedy this, a 
reference cell is used, which is at best a representative 
sample of the test device under in a electrical condition 
which is not necessarily of the test sample. This poses 
problems in the calibration of micromorph samples. A 
number of round robin intercomparisons has been carried 
out with uncertainties between institutions easily reaching 
15%. This work develops some of the tools to understand 
this in order to explain differences in the reported 
deviations in round robin intercomparisons of micromorph 
modules on solar simulators calibrated to amorphous 
silicon modules. This requires setting up a realistic 
representation of the cell distribution in I-V as well as 
quantum efficiency and linking this to solar simulator 
spectra. This can then be used for a statistical Monte Carlo 
simulation of the measurement uncertainty. The first step 
is to understand the variability of produced samples – and 
as this tends to be highly confidential data an 
approximation needs to be developed that will represent 
realistic performance parameter distributions. A model for 
this is demonstrated here. This model will also allow the 
simulation of the effects of different solar simulators using 
a Monte-Carlo approach, which will be presented at a later 
stage.  
 
The variation of electrical parameters of a single cell 
will even affect the design of large-scale PV generator [4]. 
In this study, the main concern is on the variations of the 
electrical parameters and how this influences the 
measured power. This requires to build distributions 
representing the electrical performance that might be 
measured at the end of a production line. These 
distributions are then used for the simulation of the 
calibration uncertainties seen due to lacking reference 
cells and variations within the spectrum in the solar 
simulation.  The current mismatch of different cells 
occurring in double junction cells will affect the short circuit 
current of the cell and then will further influence the PV 
performance by increasing the fill factor (FF). In order to 
take all these issues into account, a modified equivalent 
circuit is used to simulate the I-V curve of a single junction 
a-Si solar cell and a micromorph tandem solar cell. All the 
input electrical parameters are defined by a probability 
density function (pdf), which is controlled by a mean value 
and a value of its standard deviation. With a statistical 
Monte Carlo simulation, the generated parameters are put 
into the circuit model and considering the current 
mismatch in a double junction solar cell the I-V curve is 
generated for a micromorph solar cell. In this paper, a 
module with 26 cells in series connection is simulated and 
the efficiency distribution is obtained and discussed. 
The final factory test in solar cell production is a 
measurement of the electrical properties of any module 
produced, which then gives the rated power. There are no 
stable reference cells available for thin film silicon devices 
and one thus relies on the stability of the production batch 
to achieve reliable results. Especially for multi-junction 
devices, this repeatability might affect the overall 
measurement uncertainty disproportionally.  This paper 
presents a methodology to simulate the required input for 
such a Monte-Carlo simulation. 
 
SIMULATION MODEL 
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 An improved equivalent circuit is used to simulate the 
I-V curve of micromorph tandem solar cell. It is illustrated 
as figure below:  
 
 
 
 
Fig 1. Equivalent circuit for a-Si:H and µc-Si:H 
 
The advantages of this model includes providing the 
information of sample degradation, having dependant on i-
layer thickness and carrier lifetime related [5, 6]. The 
validation of this model to a-Si:H and µc-Si:H are 
discussed in ref 5 and 6 respectively. In addition, with the 
an ohmic term (current through the shunt resistance) and a 
non-linear multiplication factor describing reverse 
avalanche breakdown, the equivalent circuit can simulate 
the entire range of physically possible I-V conditions. The 
equivalent circuit include the avalanche breakdown is 
given below [7].  
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Where J is the output current density (A cm
-2
), Jphot is the 
photocurrent density (A cm
-2
), Jsat is the reverse saturation 
current density of the diode (A cm
-2
), Rs is the series 
resistance (Ω cm
2
) and n is the diode ideality factor. Vbi is 
the build in voltage in silicon solar cell, Rp is the cell shunt 
resistance (Ω cm
2
). Jrec depends on i-layer quality 
(recombination within i layers). di is the i layer thickness 
(µm), (µt)eff is effective driftlength (cm
2
/V) where µ is free 
carrier mobility and t is the capture times of carriers.  
(cm
2
/V). Vbr is the junction breakdown voltage (V), a is the 
fraction of ohmic current involved in avalanche breakdown 
and m is the avalanche breakdown exponent. For the 
simulations, a centre value needs to be chosen, those are 
detailed in Table I.  
All the circuit parameters above are then used in a 
Monte-Carlo simulation buy simulating variations. These 
were calculated by a mean and standard deviation values.  
 
xrx += .σ    (2) 
 
x is the mean value and σ  is the standard deviation (SD 
in table 1). r is the random number generated with 
normally distribution. The constant value is q – electron 
voltage, k – Boltzman constant (J/K) and T – cell’s 
temperature (K).  
 
Table I – Electrical parameters for the equivalent circuit. 
Parameter
s 
a-Si:H (for single 
junction as well) 
µc-Si:H  
 Mean Range 
(SD) 
Mean Range 
(SD) 
I0  
(mA/cm2) 
5.0x10-10  13.0x10-6  
N 2 1%-5% 1.26 1%-5% 
Rp 
(Ωcm2) 
2500 1%-5% 2000 1%-5% 
Rs 
(Ωcm2) 
1.0 1%-5% 0.0005 1%-5% 
Vbi (V) 1.1 1%-5% 1.1 1%-5% 
di (µm)  0.35  1%-5% 1.5 1%-5% 
µt cm2/V 7.7*10
-8  3.0*10-7  
Vbreak -8  -8  
a 0.1  0.1  
m 3.7  3.7  
 
The calculation of the total I-V curve for PV module is 
shown in figure 2.  The calculation details are described in 
the following section.  
 
 
 
Fig. 2. Simulation of PV module efficiency for single 
junction and micromorph solar cell 
 
The short circuit current of the tandem solar cell is 
determined by the integration between quantum efficiency 
and the spectral irradiance. Then with the parameter of 
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 equivalent circuit the I-V curve of a single junction is 
obtained until the last junction. If it is a multi-junction solar 
cell, the current mismatch should be considered here and 
the total I-V for a single cell is obtained. This calculation is 
repeated until the last cell in the module and with the 
series/parallel connection, the total I-V for a module is 
obtained. Due to the double junction structure, the 
irradiance will be absorbed by the top junction and the rest 
light unabsorbed will penetrate to the bottom junction 
which is calculated as below: 
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Where G(λ) is the input spectral irradiance, SR1 is the 
spectral response of the top junction, SR2 is the spectral 
response of the bottom junction.  
The simulation here is based on the standard test 
condiction, which are AM1.5, T=25
o
C and the intensity is 
normalized to 1000w/m
2
.  
 
RESULTS & DISCUSSIONS 
 
With the mean value of the electrical parameter list in 
table I, the calculated I-V curve for the single junction a-Si 
and micromorph tandem solar cell are presented. For 
micromorph tandem solar cell, the I-V curve for top 
junction which is a-Si:H, bottom junction that is µc-Si:H 
and for the total randem cell are shown below and their 
performance data are shown in Table II: 
 
 
Fig. 3. simulated I-V curve for single junction a-Si, 
micromorph (a-Si:H/µc-Si:H/) tandem solar cell and 
module.  
 
Table II – Performance data of a-Si:H single junction and 
micromorph cell and module. 
Parameters a-Si:H  
Single Juncion 
Micromorph  
(a-Si:H/µc-Si:H)   
 Cell Module Cell Module 
Jsc  
(mA/cm2) 
13.20 13.20 10.66 10.66 
Voc (V) 0.87 22.7 1.38 35.84 
FF 73.34 73.31 71.87 71.86 
η(%) 8.06 8.47 10.56 10.56 
 
With the SD varying from 1% to 5% input to the 
electrical parameters, it will produce different standard 
deviation of final efficiency output for a single cell. The 
effect of the electrical parameters to the performance of a 
cell is shown in figure 4 below: 
 
 
 
(a) 
 
(b) 
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(c) 
 
Fig. 4. Mean value of Voc(a), FF(b) and efficiency (c) of 
single junction and micrimorph solar cell dependence on 
electrical parameters.  
 
 
 
(a) 
 
(b) 
 
(c) 
 
Fig. 5. Standard deviation of Voc (a), FF (b) and efficiency 
(c) of single junction and micrimorph solar cell and module 
dependence on electrical parameters.  
 
As the variation of quantum efficiency here are 
neglected, therefore the variation in Jsc is very small which 
is not shown here. Figure 4 shows that the mean value of 
open circuit voltage have little variation. However, the fill 
factor change significantly which further affects the 
efficiency value. The mean value of the efficiency of 
micromorph module reduces compared to the average 
single cell used as a starting point, i.e. it cannot utilise any 
gains being made for some cells. By figure 5, it is 
observed that the short circuit current of a module has 
large standard deviation which is due to the current 
mismatch, which is not been observed in a single 
cell/module. The large standard deviation of single cell 
open circuit voltage is due to its relatively low value which 
further determines its efficiency standard deviation.  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Fig. 6. Efficiency distribution for single junction cell (a), 
single junction module (b) and micromorph cell (c), 
micromorph module (d).  
 
Figure 6 shows that due to the current mismatch, a 
micromorph module shift the efficiency distribution to lower 
values which results in lower mean efficiency value. This 
has not been observed in a single junction module. This is 
illustrated in figure 5 (b), although a large standard 
deviation of a single junction solar cell efficiency is 
observed the distribution of the efficiencies are normally 
distributed (symmetrically), therefore, it does not reduce 
the mean value of a single junction cell’s efficiency. 
Intrinsically, it is different from the micromorph cell and 
module. This is elaborated in figure 6, where it shows that 
efficiency of micromorph PV module exhibit a long tail in 
the low efficiency range. That means connecting the solar 
cell with various electrical parameters, the module is 
limited by the cell with worst performance. However, due 
to the current mismatch of micromorph tandem solar cell, 
additional uncertainty is introduced due to the competition 
between the top junction and the bottom junction. 
Therefore, it will generate a wider efficiency distribution 
(pdf) for a PV module which causes a sharply increase of 
efficiency standard deviation and a sharp decrease of 
efficiency mean value with an increase of electrical 
parameters varieties. The increase speed of module 
efficiency SD vs parameters SD is in 1.68/(%) while the 
cell efficiency SD vs paramters SD is in 0.905/(%). With 
parameters SD above 5%, the mean value of module 
efficiency will decrease sharply  with 0.5 while no 
significant difference is observed for a single tandem solar 
cell.  
 
CONCLUSION 
 
The dependence of PV module efficiency distribution 
(pdf) to electrical parameters distribution (pdf) is 
investigated. It is found that for a micromorph tandem solar 
cell with electrical parameters SD up to 5%, the 
performance of a PV module will be affected significantly. 
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 The reason for this is due to the current mismatch which 
has not been observed in a single junction cell and module.  
However, different connection strategy may need to be 
compared. In addition, a further investigation of effects 
from spectral mismatch error to the performance of PV 
modules should be performed.  
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